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Glutamate is the principal fast excitatory neurotransmitter in the mammalian brain. 
Aspartate, various sulfinic or sulfonic analogues of glutamate and aspartate, and 
some dipeptides such as A-acetyiaspartylglutamate may also be neurotransmitters. 
About 15 years ago it was proposed, on the basis of pharmacological and electrophysi- 
ological data, that glutamate acted on three subtypes of receptors directly linked to 
channels permeable to cations.These are named after their preferred agonists, the 
a-amino-3-hydroxy-5-methyI-4risoxazoIe propionate (AMPA), kainate (KA), and 
iV-methybD-aspartate (NMDA) receptors. Glutamate also acts on a family of 
G-protein-coupled or “metabotropic” receptors that either activate phospholipase C 
or decrease the activity of adenylate cyclase.^**^ 

Glial cells possess AMPA, KA, and metabotropic glutamate receptors (but not 
NMDA receptors).^ Astrocytes show a calcium-dependent release of glutamate that 
can be triggered by bradykinin and other agents increasing intracellular calcium 
concentration in astrocytes.^ Thus glia can both respond to increases in extracellular 
glutamate and induce neuronal responses (via NMDA receptors^) to glutamate. 


MOLECULAR BIOLOGY OF IONOTROPIC GLUTAMATE RECEPTORS 

In 1989 the application of expression cloning led to the isolation of the first 
functional glutamate receptor, GluRL'^ Since that time, 22 genes belonging to the 
GluR ionotropic family and 7 genes belonging to the metabotropic family have been 
identified.*^-^-^ These studies have confirmed that the mammalian glutamate receptors 
controlling ligand-gated ion channels can be grouped into three families or subtypes 
(Fig. 1). The four subunits that constitute the AMPA receptor family (known as 
GluRl-4 or GluRA-D) are^of similar size (approximately 900 amino acids) and are 
approximately 70% homologous.Each subunit exists in two forms (flip and flop) 
created by alternative splicing. These variants are not known to differ pharmacologi¬ 
cally, but the flip form is more efficient than the flop form. Receptor iomchannel 
complexes are thought (on the basis of analogy with GABAergic receptors) to be 
pentameric. GluRl-4 can be expressed homomerically as functional channels; current/ 
voltage relations are linear for GluR2i but inwardly rectifying for the other receptors. 
GluR2 expressed homomerically or when coexpressed with GluRl or GluR3 does 
not flux Ca-"^. 

Among the kainate receptor family three receptors, GluR5, GluR6, and GluR7, 
with highly (75-80%) homologous amino acid sequences have been cloned.®-^® 
GluR5 has several splice variants and also shows RNA editing of the glutamine/ 
arginine (Q/R) site on the transmembraiie domain (TMD) II (as does GluR6). 
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GluRS and GIuR6 can be functionally expressed in oocytes and show agonist 
activation with an order of potency donioate > kainate > glutamate >, AMPA. KAl 
and KA2 show slightly greater homology with GIuR5-7 than with GIuRl-4. They 
appear to correspond to high-affinity kainate binding sites. KA2 forms functional 
receptors when coexpressed with GIuR5 or GluR6. 

The NMDARl subunit was isolated by expression cloning and shown to form 
functional homomeric units.Three different sites for alternative splicing yield, in 
combination, eight splice variants that differ significantly in their pharmacology for 
agonists and antagonists.^^ They also show marked regional differences in their 
distribution.^'’’These two observations support the earlier description of variations in 
the pharmacological properties of NMD A receptors according to the brain region.’^ 
The NMDA receptor ion channel is highly permeable to Ca^”**. Phosphorylation by 
protein kinase G (PKG) has a marked potentiating effect on the response to 
glutamate. 


GLUTAMATE RECEPTORS 



receptors 

Gene 

products 


AMPA 

GLUR 1 (A) 
GLUR2 (B) 
GLUR 3 (C) 
GLUR 4 (D) 
(ffip -H flop) 


KAINATE 


GLUR 5 

t,2a,2b,2c 

GLUR 6 
GLUR 7 
*** 

GLUR KA1 
GLURKA2 


NMDA 


NMDAR 1 
A,B,C,D,E,F,G,H 
*** 

NMDAR2A 

NMDAR2B 

NMDAR2C 

NMDAR2D 


METABOTROPie 

mGluR 1 (PI) 

mGluR5(PI) 

*** 

mGluR2 (CAMP) 

mGIuR3(cAMP) 

*** 

mGluR4(cAMP) 
mGluR 6 (cAMP) 
mGIuR7(cAMP) 



FIGURE 1, Ionotropic glutamate receptors and their constituent gene products. 


NMDAR2A-D receptor subunits are functional only when coexpressed with , 

NMDARl. Their coexpression with NMDARl leads to a marked enhancement of 
the current amplitudes of activation compared with homomeric NMDARl; they also 
show altered pharmacology. The Mg^**" block differs markedly between the heterom- 
ers, being strongest in NMDAR 1/2A and NMDARl/2B. The offset time is fastest in 
NMDARl/2A and slowest in NMDARl/2D. Glycine alone (that is, without gluta¬ 
mate) can activate NMDAR1/NMDAR2A B or G when expressed in oocytes (but i 

this phenomenon has not been described for any mammalian neuron). Like NM- ^ ! 

DARI the NMDAR2 subtypes have an asparagine at the Q/R site on the TMD II. *! 

The variety of regulatory sites identified on the NMDA receptor is indicated in |’ 

Table 1. The properties of the redox site, at which reducing agents potentiate the J 

action of glutamate, vary markedly according to subtype composition in recombinant } 

NMDA receptors. I 
Antagonists show preferential actions among heterodimeric NMDA receptors; 
competitive NMDA antagonists of the 2-amino-5-phosphonovalerate type act prefer¬ 
entially on NMDARl/NMDAR2A;’^ ifenprodiI and eliprodil (polyamine site antago- . 
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TABLE 1 , Regulatory Sites on the NMD A Receptor 


Site 

Agonist 

Antagonist 

Glutamate recognition 

Glutamate 

Aspartate 

Homocysteate 

APS, AP7 

CGS19755. 


NMDA 

Quinolinate 

D-CPPene 

Glycine recognition 

Glycine 

5,7 Cbkynurenate 


D-Serine 

HA-966, L-689, 560 



ACEAIOU, 1021 

Open channel 

Open channel 

Open channel PCP site 


MDL 105,572 

Mg2+,Co--^ 

’ n-Allq^l diamines 
Phencyclidine 

Ketamine 

MK-801 (dizocilpine) 

CNS 1102 (cerestat) 

Polyamine site 

Spermine 

Spermidine 

Ifenprodil 

Eliprodil 

Redox site 

Dithiothreitol 

DTNB 


Glutathione 


Proton site 


H+ 

Zn-"^ site 

Zn2+ 

Cd-^ 

Phosphorylation sites 

Tyrosine kinases 

Protein phosphatases 


nists) act preferentially on NMDAR1/NMDAR2B,^^"^^ and glycine site antagonists 
of the 7-CI-kynurenate type act preferentially on NMDAR1/NMDAR2C. 


METABOTROPIC RECEPTORS 

The glutamate metabotropic receptors resemble other G-proteinrCOupIed recep¬ 
tors in having seven transmembrane domains but they show no sequence homology 
with other G-protein-coupled receptors.^ 

mGluRl andmGluRS have significant sequence homology and are coupled to 
phospholipase C, causing hydrolysis of phosphoinositides to diacylglycerol (which 
activates protein kinase Cj and inositol 1,4,5-triphosphate (IP3), which releases 
calcium from storage in the endoplasmic reticulum. Activation of this type of mGIuR 
in hippocampal pyramidal cells causes a slow outward current through activation of a 
dependent current.-^ 

mGluR2 and mGluR3 provide a family of metabotropic receptors that are 
negatively linked to adenylate cyclase activity. In the olfactory bulb, mGluR2 
function as presynaptic inhibitors of glutamate release. In contrast to mGluRl and 
mGluRS, glutamate and trans-ACPD [(i:)-l-aminocydopentane-rra«5-l,3-dicarbox- 
ylic acid] are more potent agonists than quisqualate at these receptors. 

A third family of metabotropic receptors, negatively coupled to adenylate 
cyclase, is provided by mGluR4, mGluR6, and mGluR7. At these receptors 2-amino- 
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4-phosphonobutyrate is the most potent agonist. In the retina mGluR6 in bipolar 
cells is coupled to cGMP formation. 


SELECTIVE ANTAGONISTS 

For the AMPA receptors two classes of antagonist are known, competitive 
antagonists such as the quinoxalinediones (NBQX and YM 900) and LY 293558’^*2- 
and. allosteric antagonists as exemplified by the 2,3 benzodiazepines, GYKI 52466 
and GYKI 53655^^-4 2). NBQX has been the preferred experimental tool 

for in vivo studies because it lacks action at the glycine site of the NMD A receptor, 
although it suffers from poor solubility and rapid clearance. GYKI 52466 also inhibits 
activation of KA receptors (GIuR6); NS 102 appears to be a relatively selective 
antagonist at the KA.receptor.^ 

NMDA receptors have two agonist recognition sites (for glutamate/aspartate 
and for glycine/p^serine), which partially overlap with the sites at which competitive 
antagonists for glutamate and glycine bind. Competitive antagonists at the NMDA 
recognition site have beenlargely structural analogues of d- 2 amino-5-phosphonopro- 
pionic acid (AP5) or 2-amino-7-phosphono-heptanoic acid. Glycine site antagonists 
show a wide variety of molecular structures but are all analogues of glycine. They 
have tended to have poor bioavailability and limited central nervous system (CNS) 
penetration, but more recently described compounds such as L-687,414 and ACEA 
1021^^ have good bioavailability (see Fig. 3). 

In general, potent selective antagonists for the metabotropic receptors remain to 
be discovered. L-2,Amino 3-phosphono-propionate appears to be an antagonist in 
some functional test systems for metabotropic receptor activation. (+)'a-Methyl-4- 



FIGURE 2. Molecular structures of AMPA/kainate antagonists. 
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D(-)AP5 CGP 40116 CGP 43487 CGS 19755 Ly233053 



ACEA1021 MDL 104653 



ADCI MK801 POP 



FPL 12495 DEXTROMETHORPHAN 

FIGURE 3. Molecular Structure of (A) cornpetitive NMD A antagonists, (B) glycine site 
antagonists, and (C) uncompetitive antagonists- 
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carboxyphenyi-glycine (aM4CPG) is a fairly weak antagonist for mGluRl (pA2 4.38) 
and niGIuR2 (pA2 4.29) and lacks effect at mGIuR4.-^ 


FUNCTIONAL ROLES OF GLUTAMATE RECEPTORS 

Glutamate receptors, being the principal excitatory receptors in the brain, are 
naturally involved in all integrative functions of the CNS. Drugs interfering with 
glutamatergic transmission produce alterations in sensory and motor function. 
Particular attention has been paid to their role in learning and memory. Studies of 
long-term potentiation (LTP) in vitro have defined a critical role for NMDA receptor 
activation in the establishment of LTP and of AMPA-mediated excitation in its 
maintenance.-® Several brain stem sites at which glutamate controls respiration and 
cardiovascular function have been identified,^^’^^ 


GENETIC DISORDERS 

The question arises whether there are clinical disorders that result from muta¬ 
tions in the genes controlling glutamate receptor expression. Determination of the 
chromosomal location of GluRl-4^^ focused attention on these genes as candidate 
genes for various neurological disorders with similar chromosomal locations; for 
example, GluR3 at Xq25-26 is in the same region of the X chromosome as the 
oculocerebralrenal syndrome of Lowe, The suggestion that in man the location of 
GluR4 to 11 q22-23 made it a candidate gene for the principal gene for seizures in 
the epilepsy-like-mouse (El-1) (on the basis of synteny with mouse, chromosome 9) 
appears improbable if it is confirmed that a mutation in the ceruloplasmin gene at 

this locus explains the mouse phenotype.^2 


EPILEPSY 


Epilepsy is an intermittent dynamic disorder of neural networks. The molecular 
and cellular basis of epilepsy is poorly understood. Genetic and acquired forms of 
epilepsy appear to be associated with a multiplicity of changes thatmay contribute to 
the network instability including alterations in neuronal membrane ionic conduc¬ 
tances, alterations in GABAergic inhibitory transmission and in glutamatergic 
excitatory neurptransmission, alterations in neuromodulatory systems (monoamines, 
peptides, etc.), and changes in neuronal connectivity. We review here (1) recent 
findings concerning alterations in glutamatergic systems in genetic and. acquired 
forms of epilepsy and (2) anticonvulsant effects of glutamate receptor antagonists. 

It is possible that abnormalities of glutamate metabolism or transport contribute 
to the occurrence of seizures. Increases in plasma glutamate levels have been 
reported in families of patients with primary generalized epilepsy associated with 2-3 
Hz cortical discharges.^^ Increases in plasma glutamate are also reported in a rodent 
model of limbic epilepsy.^"^ Evidence of several kinds suggests that glutamate uptake 
into neurons or glia may be impaired in rats with kindled limbic seizures. Thus, the 
basal extracellular concentration of glutamate in hippocampus or cortex appears to 
be elevated in the fully kindled rat and uptake of [^H]-D-aspartate is impaired.^^ We 
recently found that the levels of mRNA for the glial glutamate transporter GLTl are 
decreased in the fully kindled rat brain.^^ An impairment of glutamate uptake could 
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be a factor contributing to the increase in extracellular glutamate concentration seen 
in the epileptogenic hippocampus just prior to onset of complex partial seizures.^.'^ 



I 

I 


CHANGES IN GLUTAMATE RECEPTORS IN ACQUIRED EPILEPSY 

Autoradiographic studies visualizing the density of AMP A, kainate, and NMD A 
receptors in the temporal lobe in patients with complex partial seizures have shown 
some regional increases in the density of all three receptor subtypes.^® Slice prepara¬ 
tions of the hippocampus in electrically kindled rats and of the human cortex in 
patients with focal epilepsy have been used to assess functional changes in NMD A 
receptors. In the rat hippocampus enhanced sensitivity to NMD A has been shown 
both in the dentate gyrus and in the CA3 region.^^ 

Electrophysiological study of dissociated dentate granule cells including cell- 
attached single-channel recordings reveals that the increased efficacy of NMD A 
receptors is related to a decrease in the blocking effect of Mg^'*' and an increase in 
mean open times and burst lengths."*® The efficacy of NMDA receptors is also 
increased in the cortical tissue surrounding an epileptic focus in man."*^ Glutamate 
metabotropic responses are also potentiated in the kindled rat brain (as assessed by 
phosphoinositide hydrolysis).*^- It is not known whether similar changes occur in the 
human epileptic brain. 

It is also possible that gene defects might directly or indirectly modify. glutamate 
receptor expression and function. No. evidence of this is available as yet. The 
intrahippocampal injection of a herpes virus vector producing local overexpression of 
the GluR6 subunit of the kainate receptor leads within a few hours to spontaneous 
limbic seizures which occur recurrently over the following weeks.*^^ Thus an imbal¬ 
ance in the expression of glutamate receptors could play a role in genetic or acquired 
forms of epilepsy. 


FOCAL INJECTIONS OF GLUTAMATE ANTAGONISTS 

Glutamate receptor antagonists injected focally into different brain structures 
can suppress the development and expression of seizures. It is particularly notable 
that limbic seizures (such as those induced by the systemic administration of high 
doses of pilocarpine) can be suppressed by the focal bilateral injection of NMDA 
receptor antagonists into (1) output pathways of the basal ganglia (substantia nigra 
and entopeduncular nucleus),'*^^ (2) links between the limbic and basal ganglia 
systems (lateral habenula, dorsomedial thalamus),*^^-*^® and (3) critical inputs to the 
amygdala and entorhinal cortex such as the deep prepyriform cortex.**^-^® These 
structures clearly play a crucial role in the evolution of discharges within the limbic 
system. 


SYSTEMIC ADMINISTRATION OF GLUTAMATE ANTAGONISTS 
NMDA Antagonists 

Shortly after the description of potent competitive NMDA antagonists, we 
showed that these compounds were highly effective in rodent models of epilepsy 
when given intracerebroventricularly and moderately effective when given intraperi- 
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toneally or oraIly.5i-53 These compounds are most effective in reflex models of 
epilepsy including photically-induced seizures in baboons, Papio papioP^ In these 
models of primary generalized epilepsy, NMDA antagonists haye a therapeutic index 
(in terms of ataxia) comparable to that of established anticonvulsant drugs. They are 
moderately effective in maximal electroshock and chemically-induced seizures in 
rodents. They are least effective against electrically-induced seizures in the fully 
kindled rat.^^*-^^ Following evaluation in volunteers, one of the most potent of these 
competitive antagonists, D-CPPene, was administered as adjunctive therapy to a 
small group of patients with drug-refractory complex partial seizures.^^ No evidence 
of efficacy was obtained, but significant exacerbation of cognitive and neurological 
side effects, was observed. A variety of agents appear to .act as lower-affinity 
uncompetitive antagonists of the NMDA receptor. These include the desglycinated 
metabolite of remacemide,^^ an analogue of MK 801 (ADCI),^-^^ and memantine.^^ 
j These compounds appear to dissociate more rapidly from the MK-801 binding site 
i and to produce less severe motor and cognitive side effects.^^ 

I Glycine site NMDA antagonists (e.g., L-687,414 and L-689,560) are also effective 

I anticonvulsants in reflex models, of epilepsy.^^.^^ Glycine site antagonists may benefit 
I from a different selectivity for NMDA receptor subtypes and a lesser tendency to 

I disrupt cognitive processes at anticonvulsant doses. Tests in man have not yet been 

} reported. ^ 


AMPA Antagonists 

AMPA antagonists tend to show general anesthetic-like properties; nevertheless, 
both competitive (quinoxalinedione) and noncompetitive (2,3 benzodiazepine) 
AMPA/KA antagonists are anticonvulsant in reflex models of epilepsy at doses that 
produce transient or negligible ataxia,^^-^^ Anticonvulsant activity has also been 
shown in electroshock and chemoconvulsant models-^"^ Synergism between the 
anticonvulsant, action of NMDA and AMPA antagonists^® and between AMPA 
antagonists and classical anticonvulsants^^ has been described. The possibility that 
non-NMDA antagonists could contribute to the therapy of epilepsy requires further 
investigation. 


ACUTE NEURONAL DEGENERATION IN ISCHEMIA, HEAD INJURY, 
AND STATUS EPILEPTICUS 

Activation of glutamate receptors is thought to play a significant role in the 
development of selective neuronal loss following global ischemia, in the pathogenesis 
of infarction in some forms of focaf ischemia, in the. progression of pathological 
processes following cranial or spinal trauma, and in, selective neuronal loss after 
status epilepticus7°"'^2 The evidence for this is partly the similar acute morphological 
changes observed in excitotoxic brain injury where glutamate, kainate or NMDA are 
the primary cause compared with acute changes in vulnerable neurons after status 
epilepticus and ischemia.'^^^^ 


GLUTAMATE RELEASE 

In vivo microdialysis studies show a marked increase in the extracellular levels of 
glutamate and aspartate occurring 5-20 min after the onset of complete global 
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ischemia, and with a more variable time course in relation to focal ischemia."^At 
the same time increases are commonly found not only in GABA and glycine 
concentration, but also in non-neurotransmitter amino acids such as taurine and 
alanine. Although under some circumstances calcium-dependent release from synap¬ 
tic vesicles contributes to the extracellular changes, most of the increase appears to 
be associated with anoxic depolarization of neurons and to be linked with release 
from neuronal cell bodies and dendrites.^^'^^ h riot clear what role glutamate could 
play during anoxic depolarization. 


GLUTAMATE RECEPTOR CHANGES SECONDARY TO ISCHEMIA 

In situ hybridization studies have suggested that there is a relative decrease in the 
mRNA for GluR2 compared with GluRl and GluR3 in the CAl region of the 
hippocampus after global ischemia.®^ It appears, however, that under a variety of 
circumstances all the AMP A receptor isoforms are down-regulated to an approxi¬ 
mately equal degree.®^ Among metabotropic receptors mRNA levels are increased 
for mGlur2 and mGluR4, but decreased for mGluRS.^^ 


PROTECTIVE EFFECTS OF GLUTAMATE ANTAGONISTS 
Global Ischemia 

AMPA receptor antagonists (i.e., NBQX and GYKI 52466) provide partial 
protection against hippocampal, striatal or neocortical damage induced by global 
ischemia when given in the postischemic period.^^ The effect is seen only when the 
ischemic stress is jiist above threshold for damaging a particular class of neurons; 
thus they can decrease the loss of CAl pyramidal cells following 10, but not 20, min 
of global ischemia.^' 

NMD A receptor antagonists are relatively ineffective at protecting against a 
single episode of more-or-less complete forebrain ischemia in the rodent with' 
normothermia maintained.®^-^® Some protection may be seen when the ischemia is 
less severe (as with two-vessel occlusion) and pretreatment or early posttreatment is 
employed.^.^-^- NMD A antagonists also become more effective in the presence of 
hypothermia,or when brief episodes of global, ischemia are repeated at relatively 
close intervals.^^^^ This is consistent with the view that activation of NMDA 
receptors during anoxic depolarization will not significantly influence ionic distribu-. 
tion. In contrast, impairment of energy metabolism and partial depolarization can 
greatly enhance the excitotgxic effect of NMDA receptor activation.^"*^^ This phenom¬ 
enon has been demonstrated in in vitro preparations and in vivo using metabolic 
poisons. 


Focal Ischemia 

A reduction in the volume of cortical infarction seen at 1-7 days after transient or 
permanent occlusion of the middle cerebral artery in the mouse or rat can be 
produced by administering glutamate receptor antagonists directly after middle 
cerebral artery occlusion. 
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NMDA receptor antagonists of ail types appear to be equally effective (i.e., 
competitive antagonists such as CPPene, noncompetitive antagonists such as dizocil- 
pine, glycine site antagonists such as L687,414 and L689,560, and polyamine site 
antagonists such as ifenprodil and eiiprodil).io®~io3 amPA antagonists of both types 
also diminish the volume of cortex showing infarction.Ail the glutamate 
antagonists appear to have comparable therapeutic time windows except that a slow 
penetration into the brain (as with D-CPPene) naturally shortens the time window. 

Clinical trials have been initiated for a competitive NMD A antagonist (GGS 
19755), for a noncompetitive antagonist (CNS 1102, Cerestat), and for a polyamine 
site antagonist (Eliprodil) which shows a remarkably low incidence of cognitive side 
effects and may possess mechanisms of action in addition to NMDA receptor 
antagonism such as calcium-channel blockade, no 


Neonatal Hypoxia/Ischemia 

Protective effects of NMDA receptor antagonists have been demonstrated in rat 
models of neonatal hypoxia/ischemia involving unilateral carotid occlusion and 
reduction in the partial pressure of inspired oxygen. 


Status Epilepticus 

In several animal models of limbic status epilepticus,. it has been shown that the 
hippocampal pathology can be reduced by the administration of NMDA receptor 
antagonists.^ This occurs even when the total duration of seizure activity is 
unmodified or even prolonged. The presumed mechanism of protection is that the 
NMDA antagonists modify the individual burst discharges, reducing the late compo¬ 
nents associated with a high entry of Ca^"^, and thereby reducing the excitotoxic 
effects of the seizure. 


Cranial and Spinal Trauma 

A transient increase in extracellular glutamate concentration occurs early after 
cranial or spinal trauma; this increase is of unknown pathological significance. 
Many late events following CNS trauma may-involve glutamate receptor activa¬ 
tion.These include delayed ischemia associated with cranial edema. They also 
include generation of excitotoxic molecules by microglia and macrophages. Protec¬ 
tive effects of glutamate antagonists have been observed in rodent models of cranial 
injury (fluid percussion)and spinal injury. 



CHRONIC NEURODEGENERATIVE DISORDERS 

A role for glutamate receptor activation has been postulated in several chronic 
neurodegenerative disorders. The case for activation of NMDA receptors in Hunting¬ 
ton’s disease is based on the extraordinary similarity in the selective loss of neuronal 
markers in the striatum in patients with Huntington’s disease compared with the 
changes induced in the rat striatum by NMDA or quinolinic acid.^^ It is postulated 
that some failure in neuronal energy metabolism renders the cells vulnerable to what 
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would otherwise be an innocuous level of activation of the NMDA receptor. In 
motoneuron disease (amyotrophic lateral sclerosis), it is postulated that activation of 
AMP A/kainate receptors on motoneurons leads to their degeneration. Abnor¬ 

malities of glutamate metabolism or transport have been repeatedly described in 
some forms of olivopontocerebellar atrophy.Their role in the induction of 
neurodegeneration has not been defined. 


GLUTAMATE ANTAGONISTS: THERAPEUTIC PROSPECTS IN EPILEPSY 
AND CEREBRAL ISCHEMIA 

Disappointing preliminary results with the competitive NMDA antagonist d- 
CPPene as add-on therapy in complex partial seizures^^ may discourage further trials 
of NMDA antagonists as chronic therapy in epilepsy. It remains possible that more 
satisfactory results could be obtained with glycine site antagonists. Also the most 
appropriate target, is probably primary generalized epilepsy. Children show less 
cognitive disturbance than adults following ketamine administration, suggesting that 
side effects of NMDA antagonists may be less in the young. On the other hand, 
effects on learning or synaptic remodeling might be of greater significance. 

Clinical trials have been initiated with several types of NMDA antagonists in 
stroke, and their outcome is eagerly awaited. It may be some time before we know 
the optimal time for initiating and stopping treatment with glutamate antagonists. 
Furthermore it may not be easy to decide which antagonist is optimal in terms of 
efficacy and side-effect profile. Cerebral trauma may provide a more responsive, 
clinical target in that the therapeutic time window is undoubtedly longer and patients 
are .admitted to emergency care after a shorter time period. 
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